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ABSTRACT OF THE DISSERTATION

A Study of Photoproduction of Vector
Mesons on Deuterium by 5.5 Gev

Linearly Polarized Photons

by

Virendra Prakash Gupta

Doctor of Philosopﬁy, Graduate Program in Physics

University of California, Riverside, December 1974

Professor Sun-Yiu Fung, Chairman

We present here the experimental results of a deuterium
bubble chamber photoproduction study of half a million pic-
tures at 5.5 GeV. This experiment has been performed using a
monoenergetic and linearly polarized photon beam facility-at
SLAC. At 5.5 GeV the beam polarization is greater than 90%,
and the average FWHM of the beam energy spectrum is 0.6 GeV..

The reaction Yd + n'n”d has been studied in detail. We
obtained a clear sample of vyd - pod channel and using the po
decay distribution in terms of an extended density matrix
‘which includes correlation with the beam polarization, we
have been able to determine nine independent density matrix

v



parameters.

The study of po production and decay in the reaction
channel yd - pod was found to proceed almost completely
through natural pari?y exchanges; the contribution froﬁ uh—
natural parity exchanges being only (5.3 % 4.5)% for momentum
trénsfer lt] £0.25 GevZ. It has been observed that tﬂe p°
production mechanism consérves s-channel c.m.s. helicity for
|t] £0.15 Gev2.

After carrying out the fitting to the n'n” mass dis—
tribution, we obtéined for the po mass and width the vaiueé
(766 + 5) and (139 + 11) MeV, respectively. The po-produb-
tion cross section in this channel has been determiﬁedlto be
(9.1 + 0.8) pb. |

We have also looked into the final states n'm n°d,
ktk~a, ntntn n"a, ana n+n_n_pp for the productioh of w, ¢,
.p',~and A .

) mesons, respectively. However, due to insufficient

statistics, no conclusive remarks could be made.
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I. INTRODUCTION

Photon induced reactions have played an important ‘role
in thé»field of nuclear4andielémentary partiqle physics in
the last thirty years. Evidences for the .existence of many
particles and resbnances first caﬁe from photoproduction
experimenté;‘.ln 1948 charged pions, whose ekxistence had been.
proven previously only through cosmic-ray eVents,'were photo-
produced in the laboratory. Neutral pi—mesbn was first
established experimentally in the reaction yp - nop. Also;
nucleon resonance states such as P3 /) A(1236), D3/, N(1518),

"F N(1688) can be produced in photon-proton collison much

5/2
in the same manner as excited states of an atom are generated
by absorbing photons. When bombarding hadrons by photons'to
study the hadron properties, the internal structure of the
~hadrons is not changed measurably due to the small size of

the photons. Therefore photons are-also, apart from a tool

to create particles, well suited as "test particles" which

can "feel" the structure of hadrons and clarify the properties
of strong interactions.

In recent years the Vector Dominance Model (VDM), and in
particular its application to problems where the photon inter-
acts with hadrons, "the p-photon analogy" (more strictly the
“o-w~-# photon analogy") has been a major stimulus to particle
theory and experiment. It suggests that the photon should

act generally like a hadron in high energy reactions. First

1



formulated by Sakurailiin the early 1960's, VDM treats photons
as completely equivalent to a superposition of the strongly

. S : fe) . .
interacting vector mesons p , w, and g which have the same

spin, parity and charge conjugation (3¢ = 177) as photon.
Jem

The connection between the hadronic electromagnetic current
: . ' V]

and the fields of vector mesons VL can be expreséed'by the

~ following relation]:"2

2
m
Jsm = ‘fz: - Vu
v 27;
~where V = po, w, 4, and m, and 7& are the mass and coupling

parameters of the vector mesons respectively. The most
important member of this group is the po meson. The assump-
tion made here is that the vector mesons po, w, and & coﬁp—
letely saturate the electromagnetic current.

‘With the advent of electron accelerators of high energies,
photoproduction of mesonic resonances, in addition to nucleon
resonances, became accessible. These experiments yield results
of inherent interest, such as the direct photon-vector meson
couplings. Photoprodﬁction of rho mesons in the reaction Yp -
bop has been srudied by various experimenters:,)'_6 showing that
the po cross section is approximately constanr above 2 GeV.

In addition, earlier observerss_7 of po photoproduction by un-
polarized photon beams reported a lower rho mass, 20-40 MeV
lower from rho production by charged pion beams. It was also -

pointed out that the rho shape is skewed with respect to the



p-wave Breit—Wignér resonance shépe. More récent measure-
mehts<on.p° production have been:performed at DESY? Corheli?.
and SLAClO with polarized photons. The SLAC experiments,
USing bﬁbﬁle chamber and almost monochromatic photon - beams,
have resulted in a detailed study of exchanée mechanisms
involved in the photoproduction reactions on hydrogen. They
have also observed lower pO mass value and shape skewing.

So far only a few bubble chamber expérimenfs on the
coherent photoproduction of resonances in deuteriﬁm have been
performed}l'12 and thus much less data exist on the yd inter-
actions. No group has yet tried to do a detailed photoproduc-
tion mechanism study of vector mesons prodﬁced on deuteron.

In yd interactions one can study not only the coherent pro-
duction of vector mesons but'also yn reactions. Moreover,
certain yn reaction channels whose counterparts are not access-
ible to bhubble chamber techniques can be studied. These
include, for example, yn - pr e or pn+n_n—no whose counter-
parts yp - nnr n° or nn'ntrn® have two neutral secondaries

and thus can not be constrained. One further characteristics
of photoproduction'experiments in deuterium is the uniqueness
of I = 0 exchange in the coherent yd events.

In this dissertation we present the results of a study
of the reaction yd - pod in the channel Yd + 7 n d at 5.5 GeV
photon energy. We used the SLAC Compton back-scattered laser
beagl3-15

bea incident on the 82" deuterium bubble chamber. This

experiment has the following advantages, not all of which are



found in previous studies éf multibday photoproduction on
deuteron: nearly monoenergetic photon spectrum, a hiéhly
polarized beam (more than 90%),'and a 4n detection‘effiéienty
provided by the bubble chamber. fhese unique advantages-in
our experiment enabled us to make a detaiied analysiS'ofiEhe
po production mechanism. We have also exémined the s—channel:‘
helicity conservation and skewing of po mass shape. We.have:
- determined mass and width for po,vand aléo obtained its pro-
duction cross section in this channel.

In Chapter II we give a description of the experimental
procedure and about the photon beam. Chapter III is devoted
to the parameterization and fitting to the po resonance shape,
whereas the study of production and decay of the p? meson is.
presented in Chapter IV. The determination of po'production
cross section is given in Chapter V, and our results are com-
pared with those obtained in previoqs works}2 We also investi-
gate in this Chapter a few other channels for the produétion
of w, 4, P', and Al mesons.. Finally our results and conclu-

sions are summarized in Chapter VI.



II. EXPERIMENTAL DETAILS

The data for this study comés”from a high staéisticéj
experiment performed at the Stanford Liﬁear Accelerator Center
(SLAC) . The'deuterium filled 82" bubble’éhaﬁber was exposed
to a nearly monoenergetic lihearly polarized pﬁoton beam of
5.5 GevV., A total of 501,888 pictures were taken over three

 separate periods of time from May 1971 to February 1972.

A. Photon Beam

The experiment utilized a polarized monochromatic phdton 
beam produced by back—scattering a polafizea‘fuby laser'beam‘ :
from the 17.5 GeV SIAC electron beam. This scheme was'first |
suggested, in 1962, by Milburtlof U.S.AL and concurrently by

Arutyunian gg‘gi%7

of Russia. They pointed out’ that backﬁafd'
Compton scattering of polarized laser light‘by high energy
electrons would produce high energy polarized monochromatic
photon beams.

Since Compton scattering is a two-body procccc, the
final energy of the éhoton depends uniquely on its laboratory
scattering angle 8 (Fig. la). If the energies of the incoming
photén and electron are K (=1.786 eV) and E respectively,

then the scattered photon energy is given by13

Ko

1 + (Be/E_)?

K' =
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f
where'EC is the total center of mass energy and Kﬁ= 4E2K/Ei.

If the incident laéer light .is linearly4polarized,.the
scattered photons retain most of the linear polarization for
180° scattering. Also the energy and polarization of the
back-scattered beam are determined by its collimation angle.

Figure 1lb shows a simplified beam schematic layout. The
incident laser light was made linearly polarized by using a
Brewster stack. The plane of pélariZation could be rotated
90° by inserting a half-wave plate into the beam line. This
linearly polarized laser light then collides with the electron
beam at a relétive angle of 3 milli-radians. The electron
beam was deflected and dumped after collision.

The back-scattered energetic photon beam, before entering
the bubble chamber, passes through a collimator QD. This
coll'imator:15 consists of four scintillation counters surréund—
iné a 2 mm diameter hole through 6" of Hevimet. The signals
from these counters were used to control the electron beam
steering to about 10_6 radians, and to monitor the photon
beam intensity. Control of the intensity was accomplished
by adjusting the laser output or the electron beam intensity.

More details about the beam are gyiven in Ref. 18.

B. Scanning and Measuring Procedures
{ The purpose of the scan was to find the hadronic inter-
actions (hereafter referred as events) and to determine the

photon flux entering the.bubble.chamber. An event was defined



as a number of out going particles, such és deuteron, proton,
pion, kaon, etc;, producéd due to étrong—interaction from a
gamma—déuteron collision. Neﬁtral strange-particle events are
fecognized by their decay signature (V). Mainibackgrouﬁd to
events consists of electron-positron pairs, produced by
electromagnetic interactions, which reduced visibility near .
the beam line. These pairé had minimum bubble density, zero
opening angle and even charge balance; and poiﬁted in the
beam direction. In contrast, most hadronic events had some
tracks with heaviér ionization than e'e” tracks, with dip and
azimuth angles different from the beam direction, and were
easily identified from fhe pair background.

All the film was scanned for events with two and more
"out going charged tracks (prongs). The events with neutfal
strange-particle decays with one or two V topology (for study-
ing K° deéays to check energy determination) were also record-
ed. Each production vertex and V vertex, if present, were
rough-digitized as input for later measurements on LBL Cobweb

Data Reduction System%9

The electron-positron pairs were
also counted on two frames in sequence beginning on frame 50
and separated by 50 frames, i.e. 50, 51, 100, 101l etc., on
each roll of film of about 875 frames. -The events scans and
the pair counts were performed in the same fiducial area,
which is well-defined on the film as the diameter of the

photon beam is less than 3 mm in space. We scanned only 157

cm fiducial length in order to allow at least 35 cm of



measurable length'for,forward tracks and about 15 cm for baék—'
ward tracks -(all diméﬁsibns in chambér space). |

T@o third of the film Was'double—5canned at U. C. River-
side, and the remaining one third was scanned at LBL. The
combined scan efficiency was found to be greater thaﬁ 99% fof
topologies with three or more prongs. The scénning'efficiency
for two-prong events was found to be (90 * 3)%. This lower
value is due to the fact that two-prong events wiﬁh small
opening angles are often misidentified-as ete” pairs by the
‘scanners. This,.however, has a négligible:effect on the
total number of pairs used in determinihg the incoming photon
flux.

A total of 34,891 events, fo; two to seven out going
charged tracks{ were found (Table 1). These events exclude
1,740 events with neutral strange-particle decays. The
average number of e+e' pair counts was 6.326 pairs per frame.
The scanning information was recorded on magnetic tapes for
input to the Cobweb sYstem.

The Cobweb system is a on-line computer—bontrolled (IBM
7044) automatic measuring machine. It is designed to improve
and increase the meaéuring rate of conventional track-follow-
ing Franckensteins. The computer not only collects and
records the measurement output from the two Franckensteins,
but also monitors and checks their operations. This system
uses the scanning information recorded on the input tape to

position the events for measurement. The operator measures
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TABLE 1

Topological events' statistics

Total

Poorly

Scanned | Unmeasurable Measured No
Topology Events Events Events Fits
2 - prong 6917 548 - 106 331
3 - prong 16753 1195 1042 1001
4 - prong ’3661 278 205 340
'5 - prong 6278 525 548 643
6 - prong 579 35 66 88
7 - prong 703 56 95 87
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each track in a ‘single view, the computer driving the stage
back to the vertex after each track is complete. A curve is
fitted separately to each track in each view to check the
accuracylof measurement. The vertex point is teken only‘
once in each view, but that point is used in the fit for ail
tracks from that vertex. If the track does not pass the
curve-fitting-check the operator must remeasure the verte#.
The measurement informations for succesefully measured
events were recorded on magnetic tapes. The number of events
that could'not be measured due to secondary scatters or track
obscu&ation are given, according to topologies, in Table 1
under the heading 'Unmeasurable Events'. These‘are 8% of |

the total scanned events.

C. Kinematical Reconstruction

All the measured events, including neutral strange-
particle decays and ete” pairs, were pfocessed through the
kinematics reconstruction ana hYpothesis fitting program
SIOUX (TVGP and SQUAW) . For data processing we used COPE
terminal at UCR connected to LBL CDC-7600 computer system.
For two to five out.go;ng charge particle topologies, the
fit hypotheses made in SQUAW are given in Table 2. Events
with an even number of prongs (with an unseen positive track)
were fitted assuming the missing track to be either an impulse
‘proton or a recoiled deuteron. In both cases the momentum

of the track was taken to be zero. and the errors assigned
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TABLE 2

Number of events fitted to different hypotheses (not
uniquely) for the fitted photon energy within the
range 4.7 - 6.2 GeV

Number of events
Hypofhesis Nusg%% ii;gig»ggin-ViSible
Constraints '
2 4 3 | 5
vyd » T pp 3 26 18
R 0 1305 12777
R —— 0 1563 |- 3620
R 3 202 474
. n'n+dﬂo 0 - 2767
L, k-ktd 3 465 88
+ k~k*pn - 0 1724 4046
vd n;n_ﬁ4pp 5 374 : 149
-+ T\‘._TT_TI’ Pb“”o 0 1028 | rest
» o ntntpn 0 987 1882A
» mnntnta 3 10 .75
L rmmenttdno 0 - 1384
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to the momentum were APx=APy=Q°7$APz=i 30 Mev/c for an un-
visible proton and APX=APy=O.8APz=* 40 MeV/c for a mi;sing
recoil deuteron. The larger error in Pz compensates for theA
increased uncertainty due to the difficulty in seeing steep
tracks in Z-direction which is the optical axis. The differ-
ence in the errors reflects the fact that proton of momentum
less than 80 MeV/c leaves no visible track in the bubble’
chamber, while a deuteron must'have a minimum momentum of
about 110 MeV/c to be visible.

The fits‘assumed that the beam momentum was unknown,
that is, no constraint was placed on the incident photon
momentum. Whereas, the photon beam was assigned dip t—0.3o)
and azimuth (93.10) angles as determined from the measurements
of ete” pairs. Consequently, hypotheses with no missing
neutral had three kinematic constraints (3C) and those with
one neutral had no constraint (oc). All three—constraint
fits were required to have kinematic chi—sqﬁare less than 26.

Thirteen percent of the total scanned events could not
pass the SIOUX processing. The number of these failing-
events are given in last two columns of Table 1 (number of
evehts under the heading 'Poorly Measured Events' could not
pass TVGP, whereas events in the last column could not pass
SQGAW) accordiné to topologies. The number of events which
passed SIOﬁX and fitted to various hypotheses are given in
Table 2. Both unique and ampiguous fits to different hypo-

thescs are included.
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The reconstructién procedure and the accuracy of bubble .
chamber magnetic field valuel(used iﬁ fitting programs) were
checked and correcﬁed by fitting all K®—» f+w— decays with
unconstrained mass. As shown in Fig. 2, the rtn masé—
resolution at the K° mass value of 497.8 MeV was * 6 MeV,

and the méss of'KO is correct to 0.8%.

D. Energy'Sbectrum and Polarization of the Photon Beam

Since the data were collected in three separate periods
of time, the energy épectra of photon beam were examined
separafely in three batches. Figure 3 shows the photon
energy spectra obtained from the measﬁrement and fitting of
e+e; pairs. The top energy spectrum is the combination of
the three spectra. The energy spectra peak at = 5.5 GeV and
have average value of full width at half maximum of 0.6 GeV.
For subsequent analysis of events we do not include the
low-energy tail of the photon spectrum, E7'<4.7 GeV, which
contains about 18% of the photons. .

‘The linear polarization of the photon beam can be

calculated using the formalism of Murray and Klein}3

Using
the spectra of Fig. 3 we calculated the average value of
linear polarization of the photon beam as (91 ¥ 2)% of the
original 100% laser light polarization. Uncertainties are
introduced in the polarization direction of the back—scattered

"photon beam aﬁ the bubble chamber due to the alignment'and

transportation of the laser light. Although the polarization
l .
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direction was measured to an accuracy of 1° at the laser,
the overall uncertainty in the polarization direction is #* 3°©

at the bubble chamber. .



III. FITTING PROCEDURE FOR THE REACTION.Yd - T T Q-

In the kinematic analysis of two and three prong evenﬁs,
no constraint was placed on the incident photon momentum-ahd
the following final state hypotheses were considered:

(a) Three-~constraint reactions

(1) yd-n na.

(2) yda~=*m pp

(3) ya- KT x4
(b) Zero-constraint reactions
(1) yd=n " pn
(2) ya-snm ™pp
(3) ya-n m n°gq
(4) yd- & K pn

From the 16,753 (6,917) scanned events we found 365 (603)

three (two) prong events which gave 3C fits to the reaction

yd-snn g el (1)

with fitted photon.energy, Ey' in the interval 4.7<E <6.2
GeV and X25 15. Due to the low.binding energy of the deuteron,
coherent deuteron reactions are characterized by a steeply
decreasing momentum transfer distribution. Siﬁce deuterons
with P <110 MeV/c are undetected on the film, a large fraction

of the coherent events will thus have an invisible deuteron

18
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(two-prong topology); These events will geﬁerally‘also pass
the corresponding OC.fit with an out going proton and_neutron
l(Y g+ m o ps.n). Howéver, if the event is really a coher-
ent one, the fitted proton and neutron both will be mo&ing
nearly in the séme direction and their invariant mass will be
enhanced in the region of the deuteron mass. By inspecting,
therefore, the final statelyd - n+n_psn fits and requiring’
M(psn):gl.885 GeV we expect the two-prong sample to be,freé
of background. o o

For our po study we accepted only those two-prong events
which had ltminl=0.003 < h:lS().OZS Gev2 and which also fitted
to the hypothesis yd =+ n+n_psn with M(psn)5:1.885 GeV, and
those three-prong events which had |t|3>0.025 GeV2. Here t
is the square of the four-momentum transfer from incoming
photon to the dipion mass. In this reaction the minimum
momentum transfer is 0.003 Gevz, and |t|>0.025 Gev? corres-
ponds to deuteron track lengths of greater than 2 mm in the
bubble chamber and nearly all are three-prong events with a
measured d track. The t-distribution for the sample pf 775
events thus obtained is shown in Fig. 4. The coherent po

production forward peak is clearly seen.

A. Mass Distributions
Figure 5 shows the nm effective mass distributions for
the reaction (1). The top spectrum is for all the events;

below, these disltributions are repeated for cvents grouped
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. S . o . : .
into various t-intervals. The p~ production is observed in

these TN mass distributions. . It is clear from the Fig. 5

3,4,20,2

that po does not peak at commonly accepted po mass, t

at lower value near 750 MeV, does not have the shape'of a

. . . 1
p~wave Brelt—ngner? and changes shape as a function of t.o

+ . .

In Fig. 6 we have shown the T d effective mass distribu-
tions to study the production of d*¥. The 1d mass distribu-
tions, however, show no d* enhancement near M(md) = 2.2 GeV
22,23

as reported in some Td and Kd experiments<

B. Parameterization

Hilpert et gl}? in the reaction yd » m md, obtained
reasonable fits to the n+n— mass distributions. They multi-
plied the Breit-Wigner distribution with an energy, dependent

width (according to Jackson24) for the pq by a mass-skewing

a

factor (M/Mnn) from the diffraction dissociation model of

25

Ross and Stodolsky. However, in a studylo of reaction yp -

+ -
nm mp it has been concluded that the pO Breit-Wigner should

be multiplied by (M/Mnn)n(t); the parameter n(t) is greater

than 5 near t = 0 but drops to zero around -t = 0.5 Gev? In
the absence of any precise theory of the line shape of
broad resonance like the po, we made maximum—likelihood fits
to the events of the reaction (1) assuming the density dis-
tribution of events as |

dp = [ap.BWp(M”n).W(coseH).(Mo/Mnn)n(tZ A9t+ aPS:]d(PS) ... (2)
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2

. M . OF
where BW, (M) = .
Shp 2 2,2 , 2.2
q(M) .(M - MO) + MOI
M) T EM )
. aM_ M)
q (Mg (M,
2; 2 -1
g = [a®o0 + ) |
ap, a = fraction 6f po production and phase space back-

PS

ground (apart . from suitable ﬁormalization factors)
q(M) = three—momeﬁtum of the pion in the ntnT réSt system
W(cosGH) = 3/4 . sin29H describes the experimentally obser&ed
E po decay angular distribution in the helicity frame

Mg Ty n(t), A, = paramerters of'the fit.

C. OPTIME Program

Computer program OPTIME, developed at Lawrence Berkeley
Laboratoryzé allows the user to fit a mathematical expression
to a set of experimental data by maximum;likelihéod method.
Let there be N experimental events and each event be specified
completely by n quantities which are considered to be the
components of a vector é. For kth event, if x is a particular
value which ék can take, then the contents of a hypervoiume
d§ centered around x is a random variable X(Q, d&). The
expectation value of this random variable, y(§).is then the
true distribution of events. However, this function y(§)

is’' not known; we therefore assume a known function Y (x, a),
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where a is a vector of N, components, and that there exists

a set of parameters A such that:
Y(x, A) = y(x)
where the vector A with components Aj is called the true value

of the parameter 5. The purpose of the OPTIME fit is to find
an estimate & for ﬁ such that
Y(X, @) = y(x)

Thé u;er supplies a function wifh.m variable parameters.
OPTIME is a stepping process, adjusts the parameter such that =
the sum of the logarithums of the funcﬁion over all data’
points reaches a maximum. If the_function is.unhormalized,
as in our casé, integration data points are generated by the
Monte Carlo program SAGE27 (a set of subroutine in OPTIME). 
SAdE generated events can be made to resemble as closely as
possible the function to be integrated by coding various
subroutines.

‘The output of OPTIME constitutes the pafameters &. 1'0
check the fit, histograms are prepared using the function
Y(ﬁ, &) and are compared with'the experimentai distribution

of the events.

D. Fitting Procedure

We first determined MO, ro’ n(t), and A, from an overall

2

: P
fit in the region -t <0.1l1l GevV~. With Mo' e and Ap fixed

at these values, the quantities aps Apg and the final value
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of n(t) were fitted for different t-intervals (see Table 3).
The fits described the ntn” mass speétré well, as shown by
the curves in Fig. 5. The fitted values of n(t) are shown
in Fig. 7. Over the accessible t-range in this experiment
the value of n(t)‘is‘in agreement with theAfindings of the
previous study.l0 . . | i.i

In Fig. 8 we display the curves corresponding to n(t) =
4 and the best fitted value of n(t) = 4.93 for the région -t

<0.11 GeV2

. The solid liné gives the fit result of n(t) =
4.93 with confidence 1evel-z25% and is far better than'that
" obtained with £he-factor n(t) = 4 shown as a dashed ling
(confidence level less than 0.1%).

In the lowest four t-bins (tmin - 0.11 GeV2), which
contains about 9Q% of the accepted events of reaction (1),
we obtained from the fit for the rho mass and width the
values (766 * 5) and (139 + 11) MeV, respectively. The value

obtained for the exponential slope, Ap, was (35.1 = 1.6) GeVﬁ2
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TABLE 3

values of n(t) and event distribution at
different t-intervals

Number of events under

4.5+0.6

| t] Gev? n(t) : :
rho peak phase space
t . -0.01 3.6+1.1 95.6+15.6 93.4+16.0
min
0.01-0.02 4.7+£0.5 183.6+16.9 15.8+ 7.0
0.02-0.05 5.5+0.4 145.6+15.0 4.4+ 4.6
0.05-0.11 150.2+14.0 11.8+ 4.7
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Iv. COHERENT'FJO PHOTOPRODUCTION ON DEUTERON

In this chapter we discuss the angular distribution of"

ntrT in their rest syétem. It will be shown below that the

ntn pairs are in a predominantly p-wave state, so for brevity

we refer to them as P?

A. BAnalysis of Dipion Angular Momentum States

The full description of;vector meson.photoproduction
requires 12 complex amplitudes, or 23 real numbefs at a given
. energy and momentum transfer. With the polarized beam and
using the full decay angular distribution of vector meson it
is possible to measure 10 (nine parameters of deéay-spin-
denéity matrix and the diffractibnAcross section) of the 23
parameters. Whereas only 4 of these parametérs can be deter-
mined with unpolarized beams.

We use the formalism of Schilling et El%8;29 for the
.analysis of p° decay angular distribution produced by linearly
polariéed vhotons. The results are presented in three frames,
namely, helicity (H), Gottfried—Jackéon (G-J), and Adair (A)
frames. The three frames differ in the choice of the Z—axié;
the spin quantizafion axis. The helicity frame has its Z-
axis in the direction of the p® in}the overall (vYd) c.m.
system, the Adair frame in the direction of tﬁe incident

photon in the overall c.m. sysfem, and the G-J frame in the

direction of the incident photon in the 0% rest system. 1In

30
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all these systeﬁs thé'Y—axis is taken as the normal to the
production plane. For forward produced'bo mesons,4ali the
three systems cbincide. |

-In all three systems the decay angular distribution‘for
po can be expressed in terms of nine independent and measure-
able density matrik parame#ers ef*:(seé Appendix A). Let ¢
be the angle between the photon polarization vector, 2Y7 ana

the production plane, and 6 and ¢ be the polar and azimuthal

angles of the vector 3 + in the po rest system (Fig. 9).
: U . A
Then for the degree of linear polarization of the photon to

be PY' rho meson decaybangu1ar distribution is given as29

3 91 o 1 o 2 0
W(cos8,e,8) = g7 {5 (1 - o) + 5(3pgg -~ 1)cos”s ~/IRen,-

. o .2 - 1 2
sin2fcosé - p, ;sin"gcos2¢ - PYCOSZQ[poocos e +

pilsinze —.JERepiosinzecos¢ - pi_lsin29c052¢] -
P sin2§[¢§imp2 sin28sin¢ + Impz_ sinzesin2¢]}
VAR 10 1-1
....... (3)

Hére %SU are the density matrix elements for the unpolarized
photons, whereas, %t, and %i: are due to the phqtoﬁ's linear
polarizatioh.

Let Vv (= ¢ ; ¢) be the angle between the BY and the pro-
jection of 3n+ on to a plane perpenaicular to the direction
of the incident photon. Then for po photoproduction in the

near forward direction, the po decay distribution in the
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helicity frame‘islO

w(e,¥) = 3 sin29

5T o (1 + PchSZWh)'....... (4)

The decay angular distribution of 5y  system for events in

the rho mass region, 0.6<M ns 0.85 Gev, and for small mqmeh—

2
‘tum transfer, |t|§;0;15 GeV2, from this experiment.are sﬁown
in Fig. 10. The cosGH distribution is compatible with sinzeH,
consistent with complete helicity éonservation af YP vertex.
The WH distriEution data also shows an excellent agreement

with (1L + P cos2wh) curve ensuring that the po 1is almost.

Y
completely lineafly polarized. 1It is an overwhelming evidence
for natural J° exchange in p° production in our ‘experiment.
The scatter plot Of,WH vs. cosGH is proportional to\sinzeH;<:
(1 + PYCOSZWﬁ) and there is no evidence of any correlatiqn
between WH and coseH.'

‘In Fig. 11 we presént the moment sums, ZReYT(e.W), of
"the n+n_ system in the helicity frame as a function of n+n_
© and Y2 moments

2 2

present inlthe pO région which follow the asymmetric shape.

mass for -t £0.15 GeV? There are strong Y

o
2

of po. No significant moments, other than those associated

The Y° moment shows the behavior expected for the sinze decay

with a p-wave system, exit in the po region indicating a
negligible incoherent background in the po region.

B. Density Matrix Elements of the p® States

If s-channel helicity were conserved in po photoproduction
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on deutéron, all %gf would be zero except

_ 1

1 2 |
pl_l = - Impl_l S THT eeeeees (5)

Our results for nine independent density matrix elements in

30

Eq. 3, determined by moment analysis (see Appendix B), are

'given in Table 4 and Fig. 12. Within errors, upto»-tz:0.25'
GeV? these results clearly shbw thatfin helicity frame the |
contribution from hélicity flip are consistent with zero
value and pO does retain the photon polarization.

For completeness we notice that zero flip in the G-J
framé would imply no spin exchange in the't—channel, while ’
zero flip in the Adair frame would hold if spin directioﬁ was
conserved:.sl Since the matrix elements vary significantly'
with t in G-J frame, this possibility is ruled out. The most
concise way to demonstrate tﬁe apparent conservatipn of
helicity in po photoprbduction is presented in Fig. 13.
Consider a frame in the rest system of the po, in which po
density matrix most closely resembles that of the initial
photon. Then let 8 be the angle of rotation around the normal

to the production plane, that transforms the s-channel heli-

city frame into this new frame. One actually minimizeslo

X>(B) = z :

AN

a -« .
Py (B) - p . (Photon)

o
6P, 5 (B)

Q , .
where pAX (Photon) is the po density matrix of photon (Egq. 5).



TABLE 4 (a)

Rho-density matrix elements for the reaction vyd - pod

HELICITY FEAME

2

0.04 - 0.08

|t] Gev t i - 002 0.02 - 0.04 o.qs - 0.12 0.12 - 0.25
pgo 0.138+0.038 0.068+0.058 0.074+0.052 0.128+0.082 0.054+0.082
Repgo 0.036+0.020 | -0.033%£0.039 [ -0.048+0.036 0.058£0.056 0.030&0.058.
?3—1 ~0.01140.036 | =-0.001£0.065 | -0.056£0.058 | —0.022%0.092 0.155+£0.101
péo -0.059+0.060 0.070+0.094 [ -0.166+0.074 0.140£0.149 ~0.1150.108
pil ©0.115+0.046 0.054+0.084 _0.06810;066 -0.086+0.107 -0.016iO;i28
Regio —0.023¢o.o$o 0.038x0.058 0.030¢o.b57 0.006+0.085 | -0.119+0.094
:i_l 0.42840.052 0.454io.989 0.37210.076 0.477+0.135 0.395+0.156
Impio 0.019+£0.031 | -0.125+0.063 0.040+0.052 0.140£0.079 ~0.013+0.090
Imci_l ~0.39940.051 | -0.478£0.095 | -0.449+0.086 | -0.52120.127 | -0.273+0.138

8¢



GOTTFRIED-JACKSON FRAME

Rho-density matrix elements for the reaction yd - 0% -

TABLE 4 (b)

| t] Gev? t ;- 0.02 0.02 - 0.04 0.04 Q'o.os 0.08 - 0.12 0.12 = 0.25
pgo 0.1890.039 | 0.129+0.061 0.264¢o.qé7 0.405+0. 097 0}3i5£o.105
Repgo 0.09520.021 | 0.11050.039 | 0.17120.033 | 0.134%0.053 0.077£0.054
pg_l 0.014£0.035 | 0.029:0.063 | 0.009£0.056 | 0.116+0.083 ‘0.286i0.08§
péo ~0.09840.060 | 0.01340.097 | -0.168£0.092 | -0.224+0.165 ~0.483£0.172
pil 0.134:0.044 | 0.082£0.078 | 0.070%0.067 | 0.09640.100 | 0.1680.116
jRepio ~0.05840.063 | -0.11740.063 | -0.062£0.047 | -0.24740.081 | -0.138+0.078
pi_l 0.408£0.050 | 0.426£0.084 | 0.371x0.078 | 0.296£0.136 | 0.211x0.154
Impio 0.09120.030 | 0.056£0.064 | 0.235:0.056 | 0.34240.090 | 0.174£0.099
Impi_l ~0.375£0.051 | -0.498+0.094 | -0.308£0.082 | -0.18940.116 -6,157¢o.126

6¢



ADAIR FRAME

Rho-density matrix elements for the reaction vyd 4 p°d

TABLE 4 (c)

o
o

t] Gev? t . -.0.02 | 0.02-0.04| 0.04 - 0.08 | 0.08 - 0.12 0.12 - 0.25
nin = O- . 0: . . . 0. . . .
pgo 0.143%0.038 | 0.063£0.058 0.063£0.052 | 0.161£0.084 | 0.079+0.081
Repgo 0.04740.020 | -0.011£0.039 0.00940.035 | 0.092:0.054 0.071x0.058
°S-1 -0.009£0.036 | -0.004+0.065 | -0.061+£0.059 | -0.006£0.093 | 0.167+0.101
péo ~0.063£0.060 | 0.075%0.095 £0.15640.073 | 0.1270.153 }0.184¢o.108
pil 0.117£0.045 | 0.051%0.084 | 0.063x0.067 | -0.080£0.106 | 0.018:0.123
Repio ~0.030£0.030 | 0.009£0.057 | 0.019+0.057 | -0.066x0.083 | ~0.150+0.098
:i,l 0.426£0.051 | 0.457+0.088 | 0.37740.076 o.4§1fo.137 0.361+0.155
Ime]g 0.03040.030 | -0.09740.063 | 0.076£0.052 0.194:0.082 0.025:0.092
Impi_i -0.396+0.095 | -0.490+0.095 | -0.438+0.086 | -0.4860.124 [ -0.27240.135

ov
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It is seen in Fig. 13 that B is not far from zero upto -t =
0.25 GeV?. Also shown in this figure are the angles of rota-
tions from the helicity frame into the Adair frame (curve A),

and into the Gottfried-Jackson frame (curve G-J). For |t|5

‘ O.25rGeV2, helicity frame is definitely preferred.

C. Rho Production Propérties

It has been shown that:tqlleading order in energy%z'33
the overall .production cross section, o, may be split into
non-interfering cbntributions aN, ¥ from natural and un- |
natural parity exchanges in the t—chahnel. One could draw
stronger conclusions from the density matrix elements by
estimating quantitatively the contributions of aN aﬁd eV
to the cross section. The 'parity asymmetry' parameter’is

defined as

oV _ oV
Pa =
o N + oY
At‘hi h energies P_ = 2 1 - ok (7)
g g e =~ “P1-1 T Poo L meemee ‘

Also the 'asymmetry ratio' is given as

- - o .
R N N il é—l. . (8
o, + o7 p + p
1 1 11 1-1

where ﬁl(fl) is the cross section for the case when the po
polarization En+ is orthogonal to the production plane and
the 2Y is parallel (perpendicular) to En+'

In Table 5 and Fig. 14 we display the quantities P, and
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TABLE 5

Po and £ for the reaction vyd -+ pod

- 0.25

lt]| Gev? N - oY % T 9
: Po™ N U 2= + 0
9 5N + 0 " N
t . - 0.02 | 0.915+0.119 1.29310.185
miin
0.02 - 0.04 | 0.838%0.201 1.093+0.286
0.04 - 0.08 | 0.910+0.168 1.082+0.273
0.08 - 0.12 | 0.815+0.308 0.947+0.447
0.12 0.905+0.330 0.603+0.328
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2. We found the'contfibution froﬁ the unnatural parity"
exchanges to be (5.3 & 4.5)% and the value of 5 as 1.1 & 0.2
for the. averages over the momentum transfer range of t min
0.25 Gev2. |
To eee whether p-wave n+n— syetem prodeced by nateral

exchanges and with helicity conservation are also seen out-

side the p° mass region, we have plotted in Fig. 15 pgo and

1
1-1

In the po mass region

P in helicity frame, and P, as a function of m'm mass.

00 = degree of longitudinal polarization of the m m system,

=0

~

Pi_l= correlation term between po'helicity (= +1) states for

linearly polarized photons, = 1/2
P, = parity asymmetry = 1

but outside of the po mass region these quantities change
drastically.  This is clear evidence for a background behaving

quite different from the‘po.

D. s-Channel Helicity-Conserving p-Wave Intensity

In order to determine directly the amount of p-wave
dipion production'in.the po mass region, we make use of the
result ef the section B fhat the production mechanism for
p—wave n+n_ pairs conserves s-channel helicity at the Yn+n—
vertex for |t|$ 0.25 Gevz, and so.yields pion pairs in a well

defined spin state. This implies that the decay angulax
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distribution for p-wave ﬁ+n pairs is given by Eq. 4, which

may be expressed in terms of moments as

: 1 o 1 o 3 2 )
W(8,y) = Y ~(8) = ———— Y (8) + 2P ~——— ReYZ(0,y)
B AT 00 - Vhom 2 Y aom 2

In this equation ReY§(9,¢f is least affected by back-
ground due to its W‘dependence.and used, thereéfore, to deter-

" mine the s-channel c.m.s.:helicity—conserving p-wave n+n_
intensity, Ip, defined‘aslO
S ReY2(6,, V)
C 2 Vi T
i
.Ip = 3
(ReYz(ei,wi)>

A 5
Zl:ReYz(_Gi,wi)

Jfavd(cose)-w(e,¥)-Re¥ (0, y)

After carrying out the integration, we get

1 Ja0m 2 '
Ip = B V3 X ReYR(8;0 %)
Y 1
. _ 2.5 2. <
I, = B, %;51n 6, scos2y, SRREED (9)

Here the summation is over all events. Figure 16 shows the
distribution of Ip as a function of t.  For -t=0.1 Gev?,
the slope of t-distribution and the slope obtained for Ip
agree within errors.

In Fig. 5‘the dots marked on the histograms show the Ip

as a function of nln? for different t-intervals. We notice
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that the Ip accounts for almost all the events within errors
and shows the same skewing (characteristié downward P mass

shift in photoproduction) as the mass distributions.



V. CROSS SECTION DETERMINATION

The electron pairs, although principal background,
provide a means to calculate cross section with very little
bias. - The photoproduction cross section for hadronic events

HI

" to the number of e'e” pairs, Np. obtained in the same scanning

'is obtained by relating the number of hadronic events, N

volume (see Chapter II B), using theknown34 cross section,

o

»s for ete” pair production:

Cofrections for scanning losses were, applied. Thé
losses éf two-prong events were mainly due to high iﬁtepsity
of the ete” pair background, and due to events having very
small pfojected opening angles and could not be diStingqished

from the e'e” pairs.

A. Pair Production Cross Section

34

Knasel evaluated, numerically precise to « 0.5%, the

ete” péir production.cross section, after applying various
corrections to the theoreticai results of Jost, Luttinger,
and Slotnick?5 Knasel. used the work of Mork36 and Mork and
Olsen37 to acéount for retardation effect and radiative
corréctiéhs. The experimental work at DESY38 has obtained'

values for the total cross sections for pair production in

hydrogen and deuterium (which should have the same value as

53
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hydrogen except for possible differences in the molecular
wave fﬁnction of deuterium). Table 6 shows aléomparison of
these numbers, with‘the calculated values of Knasel. 1In
general the hydrogen and deuterium data are same within
statistiéal errors, showing that the molecular correction
differences between theltwo different states are not observed.
_Although the data gave on the average 1% larger cross sections"
as compared with the theoretical values, one'must regard a
good agreement between experiment'énd theory as the differ-
ence 1s only about one standard deviation. Moreover, refine=
ment of the DESY measurements could in principle allow a 0.1
percent absolute measu'rerhent%9 From Knasel's data we have
used an average value of 20.1 # 0.1 mb for the total pair
productioﬁ crosé section over the photon energy range of

4.7 - 6.2 GeV.

B. Differential Cross Section for vd —»-Pod

To the reaction Yd — n'7"d a total of 1176 two and
three prong events fitted within fitted photon energy range
of 4.7 —'6.2 GeV. To calculate the total cross section for
pp production in this channel, we made the following three
corrections:

1. Corrcection for Scanning

a) Due to small‘opening angles in projection:

'We have applied the scanning correction for those

events which has very small projeéted opening angle and could
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TABLE 6

in hydrogen and deuterium

Photon Theory HYdfogen Deuterium Avérage'of-
Egzsgy GT mb Om mb O mb' H2 and D,
0.55 17.1 15.54+0.5 15.54+0.5
0.87 18.0 | 17.52+0.8 17.52+0.8

- 1.18 18.6 18.63+0.9 o 18.63+0.9
1.46 '18.9 | 18.91+0.20 | 18.89:0.18 | 18.900.14
1.98 19.2° 19.06i0.33 19.70+£0.23 19.38+0.20
2.55 19.5 19.611+0.28 '] 19.62+0.26 l9.62i0.20
2.99 - 19.7 19.57+£0.30 | 20.0040.19 20.08+0.20
3.46 19.8 .19.70+£0.24 19.97+0.23 19.84+0.17
3.98 19.9 '20.02+0.30 20.49+£0.21 20.26+£0.20
4.55 19.9 | 20.19%0.33 | 20.3440.25 | 20.27+0.20
4,99 20.0 19.58+0.18 20.28+0.15 19.93£0.10
5.46 20.1 19.90%0.25 20;2510,15 20.07+£0.15
5.98 20.1 20.17+0.21 20.34&0;20. 20.25+0.15
6.55 20.2 20.50+0.24 20.76+£0.18 20.63+0.15




~not be distinguished from e+e_'pairs. .Losses due ﬁo thié
were estimated by_determining the deviation from the isotropy -
in the distribution of the angle between tﬁe opticai axis
direction and thé projection 6f ﬁhe vector (?+ x ® ) onto
the plane perpéndicular to the beam direction. In the labof.
ratory frame 7 is thé three-momentum of pion.. The estima;ed'
correction was (33 + 5)% for this reaction.
b) Due to high efe— pair background
Losses due to high intensity of the e+e_ pair back-
ground were estimefed from the double-scan efficiencics of
two and three prong events (Chapter II B). This gave a
correction of (8 = 1)% to the events.
2. Correction for Unprocessed Events
The uﬁprocessed events’consiéts of those events
which are unmeasurable, poorly measured, and no fit events
(Table 2). We have distributed among the different channels
these two and three prong events in the same proportions as
the fitted events. 1In case of ambiguity between a 3C and OC
fits, the 3C was given a weighfing factor of one. Whereas
for n ambiguities amongst 3C fits the weighting factor was
1/n for each channel. This distribution gave a total correc-
tion of (11 + 1)% to the events.
3. Correction for Photon Energy Seiection
The ete” pairs have been counted (Chapter II B)
without imposing .any selection criteria on the incoming photon

energy. But the hadronic events are considered only within
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the fitted photon energy rahge of 4.7 — 6.2 GeV. To correct
for the difference between the energy spectra of the bairs
couﬁtedvand»that of.Po events, we have used the photon energy
spectra of Fig. 3. This correction was (18 + 3) percent.
After pdtting in all these corrections the total p°
photoproduction cross section in this channel,comés out td be
(9.1 + 0.8) ub. The error also includes uncertainty due to
the background. This is in good agreement with the previous-
ly obtained valués}2

‘

C. Photoproduétion of Other Mesons

To investigate the production of w, ¢, p', and Al mesons
in the final states w+w_w°d, Ktk a, 2w+2w_d; and r+2w—pp,
respectively, the followiﬂg reactions were lookediinto:.

+

yd —e 7 2% el (1D)
. .

Yyd —+ K K d veeoses (12)
+. - : ‘

Yd —=- 27w 27 d ot e e eeae (.13).
+., - ' |

7d-—>7f‘27'l’pp ....... (14—)

For further studies only those events wére considerea which’
had fitted photon énergy in the interval 4.7 - 6.2 GeV. No
attempts were made to resolve the fit ambiguities of these
channels with the other chaﬁnels (TableAZ).
a) Photoproduction of w and ¢ mesons
There are not as many éxperiments on coherent Q

and ¢ photoproduction as for PO. These experiments are more
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.

diffiCult in that we are dealing with a much smaller cross-
sections, and the decay modes are more difficult to isolateg
The only bubble chamber data at 4.3 GeV on coherent ¢ photo—
production, ¥d — ¢d, have been published by Weizmann grouplz
(1972). with.rather large statistical unéertainties. The
meson photoproduction on d at 6.2 and 8.25 GeV has been

studied only at Cornell4O

using counters.

We attempted both the hyﬁotheées (L1) and (12) for fhe
three-prong eveﬁts. For the two-prong events hypothesis (11)
was not tried, because in this reaction the events with in-
visible d@ recoil have two unmeasured particles which are
difficult to handle. The 37 and 2K mass distributions for
the reactions (li) and (12), respectively, in Fig. 17 are
for -t < 0,15 Gev2 (momentum transfer from the target to the
recoil deuteron). There are indications 6f « and § produc-
tions in these mass distributions, but the statistics is
insufficient to make mass fits.

b) Photoproduction of p' meson

There are several reasons to expect vector mesons

heavier than the ¢ to exist. The existence of such particles

would have a great impact on the vector dominance model. It

is of general interest, beyond the VDM, to search for such
particles since tﬁe quark model and Veneziano model predict
the existence of states at masses of ~l;2§ GeV and between
1.5 - 1.6 GeV. Coherent photoproduction of such a meson, p',

has been reported by Smadja et gg?l from the reaction
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T yp —¢g§2n*éﬁ_ at 9.3 Gev. Tﬁe‘4ﬂ mass spectrum showed an
Aenhancementeneartl.é Gev.. |

| All the four and five prong events‘wereiattempted for
the hypothesis (13). The 47 mass distribution is.showﬁ‘in
Fig. 18. Due to the limited statistics we cennot draw any
conclusion with respect to the.existence of p' meson.

c) Photoproduction of A, meson

1
About using pion beams in studying A
' 42

| meson, a pmw

enhancement at 1.1 GeV,'it was pointed out that this couldt

also be due to a Deek—type kinematic effect. One of_the

main reasons to perform our experiment was to study the channel

Yn —o-ﬁ+ﬂ_ﬁ-p. It was suggeésted by Poe et gl?3 that in this

channel the Al production would be free from the Deck—effect.
We have tried all the four and five prong;events for“the A

hypothesis (14). Tﬁe 37 mass distribution in Figf’18 is fqr

-t <0.15 GeV? and only those events are plotted here for

which at least one of the mtn mass combinations lies within

the mass range of 0.6 - 0.85 GeV. In this gass distribution

A, peak is present, but there is no.indieation of Al meson

2

prodﬁction.
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VI. RESULTS AND CONCLUSIONS

We have foﬁnd that the pO production in vd — p°a
channel is shifted to lower masses than. found in interactions
using pion beams. We'héve also found that the pq shape 1is
skewed with respect to-a p-wave Breit—wigner‘distribution,
and changes shape as a functipn of t. nThe prediction of Roés—
Stodolsky that the mass—skewingvfactor,“(M/M",f% should work
at t-= 0 is not supported by the data néar t = 0.

We have been able to determine nine independent P°.
density matrix elements, because of the high degree of
1inear polarization of our photon beam.A These parameters
are given in Table 4 and Fig. 12 for helicity, Gottfried--
Jackson, and Adair frameé. From these matrix elements we
have been able to separate the contributions for PO produc-
tion by natural and unnatural parity exchanges. It has been
'found that this reaction proceeds almost completely through
the natural parity exchange: the contributions from the
unnatural parity exchanges being only (5.3 % 4.5)%, and the
value of asymmetry ratio, ¥, is 1.1 + 0.2 over the momentum
transfer range of lti < 0.25 GeVZ.

The producfion of the Po.in this reaction has been
found to conserve s-channel helicity up to -t = 0.15 GeV2.
We believe that these féatures may be general cBaraCteriétics
44

of diffractive processes.

From the parameterized fitting to the data we find the
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ﬁo'mass and width-és.(766 £ 5) and (i39 + li) MeV, respec-
tively._bThe p° production cross section in this reaction

channel at 5.5 GeV have been found to be (9.i_i 0.8). ub.



APPENDIX A
.. Formalism for Analysing Decay of p°

Produced by Linearly Polarized Photons,

The analysis used the formalism of Schilling et g;,%g

-as originated by Thewsz.8

If B andq¥are'the'pdlér and azimuthal angles of the
ﬁ+ in the p° rest frame in any coordihate system, the decay
angular distribution for pé‘can be written in terms of its

density matrix elements as

dN.

= w° =31l 1 _ 2
déd (cosb) - W (cosB,¢) = an [2(1 pOO) + 2(3000 l)cos“8

s/EReplosin26cos¢ - pl_lsin29c052¢]

If ¢ is the angle between the photbn electric vector and
the productién plane (is the same in the total c.m. system
and P° rest frame), the density matrix of a real photon
of helicity = 1 with linear polarization PY (0 £ PY < 1);can
be written a529

P(Y) =3

This can be rewritten in terms of a 2 x 2 unit matrix,

I, and three Pauli spinors, Oi' as
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-+ -+
p(v) =.% (I + P . o)
where

-+ .. .
PY-—PY(fc052§,fs1n2§,O)

The density matrix for the po, p(v), can similarly be

written as

p(v) = 0%(v) - B Lo (v) cos28 + p%(v) sin2d)

The matrix po(v) describes the p° decay in the case of
.unpolarized beam, whereas, pl(v) and p2(v) occur due to the
linear polarization of the photons. The three hermitian

matrices'pa(v), a =0, 1, 2 read as

o _ 1 m T
.pmn(v) TN Kgél'TmA Tnk

1 1 1 +
pmn(v) N }\Z)\., Tm MV Tnk'

2 _1 2 t
Pan(V) = § )\ZX. Ton %ant That

The normalization is such that N = g;xlexlz. Here T 1is the
usual p° helicity-production amplitude. For convenience
we have suppressed the helicities of-the target which afe
also summed in the definition of the density matrix.

The symmetry propertiés of the helicity amplitudes
imply symmetry relations for p(v); if Y-axis is taken as the

- production normal and if the parity is conserved, we get
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p;&-(v) = (—l)xfx' plﬁ_k,(v) for a = 0,1
2 S O WA I
p)\)\l (V) '_'"' (_l) | . p_)\_)\v (V)

The pO decay aﬁgular distribution can then be expressed
in terms of nine independent measurable spin density matrix

QA
parameters{ P’ 2S

W(coseré,é) = Wo(c§s9,¢) + PY[c052§Wl(cos9)¢)'+ Sin2§W2(90s9,¢)]
where
Wo(cos6,¢)=%ﬁ{%(i—p5;)+ %(Bp5%-1)co;zeﬂ/ERepfzsinzecosé
| —blglsin26c9s2¢]
Wl(cose,¢%=%ﬁ[pfisinzé-Fpéchsze - JfRepfbsin29c0s¢

-nlflsin26c052¢]

W2(cos8,¢)=iﬁ[43'Impf%sinZesin¢ + ImplflsinZGSin2¢]



APPENDIX B

C A ; oy . - n a
Determination of Den51ty Matrix Elements pkk.

To determine the nine independent density matrix elements,
o ‘ - , ., 30
Pyyt+ We use the method of moments as suggested by Schmitz.
The normalized expected value of a function £(6,¢,%) is

definedvas

2T 2T +1
L L7 ) asasaccost)ds - £09,6.8) - wicosd, o, 8)

/2TTf21T/‘ +ld§d¢d(cose)—- . w(cost. 5. 5)

where 6,9, and W are defined in the text. With this definition‘

<f(e b, @))

and the Eq. 3 we get the values of the density matrix elements

which are as follows:

o) _3 | ‘ 2
Poo = 2-5 (cos“8) - 0.5 )
Rep;q = -1.25 (sin28cos¢) W2
o _ _ o, L2
pioq = -1.25 (sin“fcos2¢)
2
pl = ({cos2d) - 5 {cos 6 cos2d))
00 PY
pia ='%— (2.5(coszec052§) - 1.5 {cos2¥))
y
Repfb = %— 2.5(sin26cosd cos2d)/i/2
Y : ’ )
0.1 =Ll 2.5 (sin®8cos26cos28)
1-1 PY
Impf% = - %- 2.5(sin206sin¢sin23) /W2
Y
Imp,2. = - 2~ 2.5(sin%0sin2¢sin23)
1-1 PY.
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